ABSTRACT: A series of luminescent complexes based on {Ir-(phpy) 2 } (phpy = cyclometallating anion of 2-phenylpyridine) or {Ir(F 2 phpy) 2 } [F 2 phpy = cyclometallating anion of 2-(2′,4′-difluorophenyl)pyridine] units, with an additional 3-(2-pyridyl)-pyrazole (pypz) ligand, have been prepared; fluorination of the phenylpyridine ligands results in a blue-shift of the usual 3 MLCT/ 3 LC luminescence of the Ir unit from 477 to 455 nm. These complexes have pendant from the coordinated pyrazolyl ring an additional chelating 3-(2-pyridyl)-pyrazole unit, separated via a flexible chain containing a naphthalene-1,4-diyl or naphthalene-1,5-diyl spacer. Crystal structures show that the flexibility of the pendant chain allows the naphthyl group to lie close to the Ir core and participate in a π-stacking interaction with a coordinated phpy or F 2 phpy ligand. Luminescence spectra show that, whereas the {Ir(phpy) 2 (pypz)} complexes show typical Ir-based emission albeit with lengthened lifetimes because of interaction with the stacked naphthyl groupthe {Ir(F 2 phpy) 2 (pypz)} complexes are nearly quenched. This is because the higher energy of the Ir-based 3 MLCT/ 3 LC excited state can now be quenched by the adjacent naphthyl group to form a long-lived naphthyl-centered triplet ( 3 nap) state which is detectable by transient absorption. Coordination of an {Eu(hfac) 3 } unit (hfac = 1,1,1,5,5,5-hexafluoro-pentane-2,4-dionate) to the pendant pypz binding site affords Ir−naphthyl−Eu triads. For the triads containing a {Ir(phpy) 2 } core, the unavailability of the 3 nap state (not populated by the Irbased excited state which is too low in energy) means that direct Ir→Eu energy-transfer occurs in the same way as in other flexible Ir/Eu complexes. However for the triads based on the{Ir(F 2 phpy) 2 } core, the initial Ir→ 3 nap energy-transfer step is followed by a second, slower, 
■ INTRODUCTION
Sensitization of lanthanide luminescence by energy-transfer from a strongly absorbing antenna group is a widely used route to populate the f-f states which are difficult to populate by direct excitation as the transitions are Laporte-forbidden. There has been much recent effort in studying the photophysical properties of d/f dyads in which this antenna group is a transition-metal complex fragment rather than an organic ligand. 1−3 This requires the d-block component to have a high absorption coefficient, and an excited state which is long-lived enough such that energy-transfer to the lanthanide(III) ion is a significant deactivation pathway that competes favorably with other radiative and nonradiative deactivation processes. It also requires that the energy of the excited state of the d-block component lies sufficiently far above that of the emissive level of the lanthanide(III) ion that d→f energy-transfer has a large enough thermodynamic gradient to prevent back energytransfer. 1a Potential applications of such d/f complexes are significant. An appropriate balance between emission colors of different components in the dyads can generate white light from a single molecule, as shown in some Ir(III)/Eu(III) systems which combine blue Ir(III)-based emission and red Eu(III)-based emission.
2e,3e Given the wide interest in long-lived visibleregion luminescence for cellular imaging, molecules combining two luminescent outputs at different wavelengths and on different time scales (d-block, ns to μs timscale; f-block, ms time scale) are of interest as potential new imaging agents. Lanthanide-based emission can be used for imaging in both the visible region [e.g., Eu(III)] because of its intensity, narrowness, and long lifetimes, and in the near-IR regions [e.g., Yb(III), Nd(III)] because long-wavelength emission can penetrate biological tissue particularly well. 4 As part of this work it is essential to understand the mechanisms by which d→f energy-transfer occurs. 1b We have shown in many cases that Forster-type energy-transfer is not feasible over the distances involved between the metal centers because the very low extinction coefficients of the f-f absorptions on the lanthanide ion, which act as the energyacceptor levels, result in very small donor/acceptor overlap integrals and short critical transfer distances.
2b,e In contrast, Dexter-type (electron-exchange mediated) energy-transfer can occur because the low intensity of the f-f absorptions is no longer a component of the calculation of the donor/acceptor overlap integral, and conjugated bridging ligands can provide the necessary electronic coupling to facilitate the process.
2b,e In some other cases, photoinduced electron-transfer to generate a charge-separated state is the initial step after excitation, 2g and collapse of this can provide sufficient energy to sensitize luminescence from the lanthanide [Yb(III) ] if the luminescence is in the near-IR region. The issue of how excitation energy is transferred from the d-block antenna to the lanthanide(III)-based emitter is accordingly nontrivial and has numerous subtleties. 1b In this paper we describe a new variant of the d→f energytransfer theme, which is the intermediacy of an organic triplet state on a naphthyl group (hereafter abbreviated as 3 nap) that lies spatially and energetically between an Ir(III) unit (energydonor) and a Eu(III) unit (energy-acceptor). The complexes concerned (Chart 1) are Ir(III)-naphthyl-Eu(III) systems, similar in principle to Ir(III)/Eu(III) dyads that we have studied before 2e but with the added participation of a photophysically noninnocent naphthyl spacer in the bridging ligand. We show how, in cases where the naphthyl triplet state lies significantly below the energy of the Ir(III)-based 3 MLCT/ 3 LC state (hereafter abbreviated as 3 Ir), it provides a stepping-stone for a two-step energy-transfer process (Ir→naphthyl and naphthyl→ Eu). In contrast, with a lower-energy Ir-based energy donor that lies slightly below the energy of the 3 nap state, Ir→Eu energytransfer occurs in a single step without the active participation of a separate 3 nap intermediate level, although the naphthyl unit can provide a conduit for mediating the superexchange processes necessary for Dexter-type energy-transfer.
Such behavior has been demonstrated before in several examples of transition-metal based Ru(II)/Os(II) dyads which show long-range energy-transfer between metal complex termini facilitated by triplet states of bridging ligand fragments which are both spatially and energetically intermediate. 5 The current contribution provides an unusual example of such behavior facilitating energy-transfer in d/f systems, and to the best of our knowledge, this is the first demonstration of d-f energy transfer by such a stepwise method. Given the current interest in dual-emissive d/f complexes for applications from display devices to cellular imaging as described above, 1−3 understanding the energy-transfer process which controls their luminescence behavior is of considerable importance.
■ RESULTS AND DISCUSSION The general synthetic methods used for syntheses of complexes of this type have been described before and do not need repeating.
2d,e The significant difference for this work is that the bridging ligands all contain naphthyl units rather than phenyl units: in this work we have used the 1, ; crystallographic data are summarized in Table 1 , and coordination-sphere bond distances and angles in Table 2 . The pseudo-octahedral geometry in each case is unremarkable with the usual trans, cis−N 2 C 2 arrangement of the two phenylpyridine ligands, which means that the chelating pyrazolylpyridine ligand occupies the coordinates sites trans to the two cyclometallating phenyl rings. This arrangement of ligands is shown by all of the other structurally characterized complexes in this paper.
The crystal structures of complexes F Ir•L 14 and F Ir•L 15 are shown in Figure 2 and have the same basic core structure as shown in the previous example. A notable feature of both structures however is the disposition of the pendant naphthyl group, which lies in each case such that it is stacked with one of the F 2 phpy ligands with a separation of about 3.4 Å between the parallel, overlapping aromatic ligand sections. Figure 2c shows an alternative view of F Ir•L 14 emphasizing the region of overlap between the naphthyl unit and a F 2 phpy ligand. This stacking has important potential consequences for the photophysical properties of the complexes as we will see later. ; nitrate anions, solvent molecules, and H atoms are omitted for clarity. Displacement ellipsoids are drawn at the 30% probability level. of the phenylpyridine ligands; note the similarity between the structures shown in Figure 3 and Figure 2b . 2. Photophysical Properties of Ir/Naphthyl Complexes. UV/vis absorption spectroscopic data are summarized in Table 3 .
The complexes all show the usual ligand-centered π−π* transitions in the UV region, and lower-energy and less intense metal-to-ligand charge-transfer (MLCT) transitions in the region 350−400 nm. , which illustrate the emission behavior expected for these metal chromophores, are shown in Figure 4 .
These spectra are characteristic of the core Ir(III) unit with two N,C-donor phenylpyridine ligands and a pyrazolyl-pyridine chelate as we reported earlier, 2d,e with fluorination of the phenylpyridine ligands in the latter case resulting in a blue shift of the main emission maximum from 476 to 453 nm, a shift of approximately 1100 cm 9 Notwithstanding this, the emission clearly originates ; nitrate anions, solvent molecules, and H atoms are omitted for clarity. Displacement ellipsoids are drawn at the 30% probability level. Part (c) shows an alternative view of the structure of ; nitrate anions, solvent molecules, and H atoms are omitted for clarity. Displacement ellipsoids are drawn at the 30% probability level. (Figure 4 , solid line) with the highest energy emission component at 455 nm, as expected because of the F-atom substituents on the phenylpyridine ligands.
6a However, the luminescence isunexpectedlyvery weak with quantum yield values of just 0.016 in each case. This is an order of magnitude reduction in emission intensity compared to other complexes of the F Ir•L series which do not have naphthyl substituents pendant from the pyrazole ring. For example previously reported analogues in which the naphthyl pendant is simply replaced by a phenyl ring have emission at exactly the same wavelength but with ϕ = 0.13. We ascribe the difference in behavior between these two pairs of complexes to the different energetic ordering of the , on excitation at 355 nm in degassed CH 2 Cl 2 , shows a broad region of excited-state absorption across the visible region with a maximum at about 420 nm. Coincidentally it is also known that the most intense feature of the TA spectrum of 3 nap is at 420 nm, 11 which means that appearance of excited-state absorption in this region is not unambiguously diagnostic of either the 3 Ir or the 3 nap excited state. However time-resolved measurements allow those to be distinguished, as we will see later, because triplet states of aromatic hydrocarbon groups are much longer-lived than those of heavy metal complexes.
The kinetic behavior of the excited state decay of the mononuclear Ir complexes, as measured by decay of the TA spectrum, is surprisingly complex. This is partly because of the possibility of a mixture of conformers for the complexes 14, 15) in which the pendant naphthyl groups may be close to, or remote from, the Ir core. In addition the relatively high concentrations used for TA measurements lead to aggregation effects. The resultant decays are multiexponential but can be approximately fitted by two exponential components which indicate the excited state lifetime range in the ensemble (Table 4) ; correlation between these means that the two components can vary together without making much difference to the quality of the fit. These lifetime values therefore should not be overinterpreted, but taken as an indication of the range of the excited state lifetimes in this system. For the simple model complex F Ir•L Me , the excited-state absorption shows biexponential decay kinetics with lifetimes of τ ≈ 1.7 and 2.6 μs in degassed CH 2 Cl 2 (cf. single-exponential decay of 600 ns for luminescence in air-equilibrated CH 2 Cl 2 at lower concentration). Longer luminescence lifetimes from a triplet state in the absence of O 2 are to be expected, but we see here the effects of aggregation arising from the higher concentrations used for TA spectra. In agreement with this, time-resolved luminescence measurements on the same solution used for the TA measurements could also be fitted to two lifetime components in the same range (Table 4) , in good agreement with the TA spectrum. The important point is that the excited-state absorption at 420 nm therefore arises from the same excited state as does the luminescence, that is, the usual Ir-centered 3 (MLCT/LC) state, 6a and indeed we have seen similar TA spectra for related complexes in previous work. 2e For the analogous nonfluorinated model complex H Ir•L Me the apparent maximum in the TA spectrum is at 450 nm (Figure 5b) we find the same situation, that is, the excited-state lifetimes obtained from the TA spectra and from luminescence measurements under the same conditions are similar (Table 4 , Figure 6a ). The lengthening of these lifetimes to ∼10 μs b Also present was a small ≈700 ns component (<10% of total emission intensity) ascribable to traces of the free Ir complex as part of the equilibrium in Scheme 1.
c Ir-based decay measured at around 500 nm (or as mentioned in the figures); Eu-based decay measured at 615 nm.
d Very weak Ir-based emission arising from a minor conformer in which the Ir-based emission is not quenched by the naphthyl group; the majority of the Ir-based emission is assumed to be completely quenched (see main text).
2.3. Luminescence Properties of Ir/Naphthyl/Eu Three-Component Complexes. As described in the introduction our motivation here was to see if the spatial and energetic intermediacy of a 3 nap state between 3 Ir (energydonor) and Eu (energy-acceptor) components facilitated the d→f energy-transfer process. We investigated this in two ways. First we performed luminescence titrations in air-equilibrated CH 2 Cl 2 in which small portions of [Eu(hfac) Table 4 . On panel (b) , the two spectra shown correspond to the early time 3 Irbased excited state (open circles, red) and to the subsequently formed 3 nap state (triangles, green). In (a) the correspondence between the relatively long luminescence and TA decay lifetimes is clear; in (b) the much shorter luminescence decay correlates with the rise time of the TA spectrum, and the slow TA decay does not have a matching luminescence component; see main text.
luminescence spectra as shown in Figure 7 . Excitation was into the low-energy tail of the MLCT absorption of the Ir unit at 380 nm. The {Eu(hfac) 3 } unit does not absorb in this region, which has two important consequences. First it means that the absorbance at the excitation wavelength is purely into the Ir chromophore and remains constant during the titration, such that changes in luminescence intensity reflect real changes in emission quantum yields. It also means that any emission seen from the {Eu(hfac) 3 } unit can only arise from d→f energytransfer in the intact complex H Ir•L 14 •Eu: any free [Eu-(hfac) 3 (H 2 O) 2 ] (cf. the equilibrium in Scheme 1) will not absorb light and therefore will not interfere with the emission spectra.
As H Ir•L 14 •Eu formed during the titration, according to Scheme 1, the Ir-based emission in the 450−600 nm region steadily decreased, and this quenching was accompanied by appearance of intense Eu-based emission displaying the usual sequence of 5 D 0 → 7 F n components between 570 and 720 nm. No significant changes were observed after addition of about 3 equiv of [Eu(hfac) 3 (H 2 O) 2 ]. At this end-point the Ir-based emission was reduced in intensity by 65% because of Ir→Eu energy-transfer in the dyad.
Time-resolved measurements on the residual Ir-based luminescence, using a 475−525 nm bandpass filter to reject the intense Eu-based sensitized emission which would otherwise interfere, showed that it comprised at least three exponential components. A weak component with τ ≈ 0.7 μs can be ascribed to traces of residual H Ir•L 14 (cf. Scheme 1). Two additional shorter components with τ ≈ 160 and 70 ns were needed to give a satisfactory fit to the luminescence decay curve. These may be ascribed to partial quenching of the . In contrast use of (nonquenching) [Gd(hfac) , with a change in lifetime from 690 to 740 ns, presumably because of rigidification of the complex when {Gd(hfac) 3 } binds, as described above.
For both H Ir•L 14 •Eu and H Ir•L 15 •Eu, therefore, the behavior is similar to what we have observed with related Ir/ Eu dyads but using simple phenyl spacers in place of naphthyl in the bridging ligand.
2e Ir→Eu energy-transfer occurs with some quenching of the Ir-based emission, to an extent which will depend on the separation between the metal ions in the ensemble of conformers of these flexible complexes. From the residual 3 Ir emission components in the Ir/Eu dyads (∼ 100 ns) we can estimate Ir→Eu energy-transfer rates of the order of 10 7 s −1 (the obvious difficulties in fitting multiexponential decays mean that one should not be too precise about these values). We showed earlier that Forster energy-transfer between these chromophores could only be significant over a distance of <3 Å given the very small donor/acceptor Forster spectroscopic overlap.
2e In contrast Dexter-type energy-transfer is possible over the distances required in •Eu by means of a weak electronic coupling that is facilitated by π-stacking of the type that we observed in the crystal structures described earlier, 2e even though here is no evidence for a separate 3 nap excited state being involved as an intermediate. Given that Eu-based emission occurs only as a consequence of Ir→Eu energy-transfer under these conditions, we might expect to see a grow-in for the Eu-based emission in both H Ir•L 14 •Eu and
•Eu. However any grow-in of Eubased emission at 615 nm will be masked by the decay in the tail of the residual Ir-based emission intensity at the same wavelength which must be synchronous. Accordingly timeresolved measurements at 615 nm did not reveal a grow-in associated with sensitization of Eu-based emission but this is to be expected.
(ii). is unsurprising given both its weakness and likely multiexponential behavior arising from different conformers. However from the intensity changes we can say that some additional Ir→Eu energy-transfer is occurring, in addition to the predominant 3 Ir→nap energy-transfer which results in such weak Ir-based emission in the first place.
Despite •Eu, the TA spectrum retains a similar appearance, but the excited state absorption at 420 nm decays more quickly with τ = 1.0 and 5.7 μs, in good agreement with luminescence lifetimes measured on the same sample under the same conditions (Table 4) . This is consistent with the partial quenching of the 3 Ir-based emission intensity that we observed in the luminescence titration experiment. Figure 6b ). In the presence of 5 equiv of [Eu(hfac) Figure 10 . Remarkably, fluorination of the ancillary ligand, which only affects the energy of the energy donating antenna state by <0.4 eV, induces a complete switch between the two mechanisms of d-f energy transfer: the one step 3 Ir→Ln energy transfer in the nonfluorinated complexes, and the two-step 3 Ir→ 3 nap→Eu process, mediated by the naphthalene spacer, in the fluorinated complexes.
■ CONCLUSIONS
We have prepared two sets of complexes containing an Ir(phenylpyridine)/naphthyl/Eu(hfac) 3 sequence of photoactive units. 14 Electrospray mass spectra were recorded using a Micromass LCT instrument; 1 H NMR spectra were recorded on a Bruker Avance-2 400 MHz instrument. UV/vis •Eu in CH 2 Cl 2 at RT. (a) Transient absorption spectra at 0 and 4 μs after 355 nm excitation, reconstructed using global fit analysis. (b) Kinetic traces for transient absorption decay (top) and emission (bottom) at the wavelengths specified. The solid black line represents the twoexponential (TA) and the three-exponential (emission) fit to the data with the parameters listed in Table 4 . absorption spectra were measured on a Cary 50 spectrophotometer, and steady-state luminescence spectra on a Jobin-Yvon Fluoromax 4 fluorimeter using air-equilibrated CH 2 Cl 2 solutions at room temperature. Ir-based emission lifetimes measured during the titrations with Eu(hfac) 3 (H 2 O) 2 were measured using the time-correlated single photon counting technique with an Edinburgh Instruments "Mini-τ" luminescence lifetime spectrometer, equipped with a 405 nm pulsed diode laser as excitation source and a Hamamatsu-H5773−03 PMT detector; the lifetimes were calculated from the measured data using the supplied software. Luminescence quantum yields were calculated by comparing areas of corrected luminescence spectra, from isoabsorbing solutions, following the method described by Demas and Crosby 15 and using fac-[Ir(ppy) 3 ] (ppy = anion of 2-phenylpyridine) as a standard.
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Synthesis of the Complexes. The complexes (see Chart 1) were prepared using the same method; the synthesis of To this was added a solution of the dimer [Ir(F 2 phpy) 2 (μ-Cl)] 2 (0.040 g, 33 μmol) in CH 2 Cl 2 . The mixture was heated to 50°C overnight under N 2 and in the dark. The mixture was cooled to room temperature and the solvent removed. Water and saturated KPF 6 solution (20 cm 3 ) was added, and the resulting two-phase mixture was separated; the aqueous residue was further extracted with several portions of CH 2 Cl 2 (3 × 30 cm 3 ). The combined organic fractions were dried using Na 2 SO 4 and the solvent removed. The yellow powder was purified by column chromatography on silica gel using MeCN and 1% aqueous KNO 3 ; complex 
